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Edited by Gianni CesareniAbstract An important question in protein folding is whether
the folding mechanism is sequence dependent and conserved for
homologous proteins. In this work we compared the kinetic fold-
ing mechanism of ﬁve postsynaptic density protein-95, disc-large
tumor suppressor protein, zonula occludens-1 (PDZ) domains,
sharing similar topology but having diﬀerent primary structures.
Investigation of the diﬀerent proteins under various experimental
conditions revealed that the folding kinetics of each member of
the PDZ family can be described by a model with two transition
states separated by an intermediate. Moreover, the positions of
the two transition states along the reaction coordinate (as given
by their bT-values) are fairly constant for the ﬁve PDZ domains.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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At ﬁrst sight the protein folding reaction appears enor-
mously complex with hundreds of non-covalent interactions
forming simultaneously. But, protein folding can be dissected
like any chemical reaction: identify and characterize sub-
strates, products and intermediates, and determine their path-
way of interconversion and the associated rate constants. A
powerful approach to elucidate the relationships between se-
quence information and folding mechanism is to study pro-
teins which diﬀer in sequence but share the same overall
fold. The strategy assumes that general correlations between
aminoacid sequences and folding pathways may be extrapo-
lated by comparing folding processes for diﬀerent members
of a given protein family. Such studies have shown that the
overall folding mechanism is generally conserved within a fold
family, and hidden common features may be unveiled even
when apparently diﬀerent folding mechanisms are observed.
For example, in the case of the homeodomain superfamilyAbbreviations: PDZ, postsynaptic density protein-95, disc-large tumor
suppressor protein, zonula occludens-1; TS, transition state
*Corresponding authors. Fax: +46 18 471 4673 (P. Jemth).
E-mail addresses: Stefano.Gianni@uniroma1.it (S. Gianni),
Per.Jemth@imbim.uu.se (P. Jemth).
1These authors contributed equally to the work.
0014-5793/$32.00  2007 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2007.02.011[1], where the folding processes may span from pure nucle-
ation–condensation [2] to framework [3] mechanisms, the
structure of the transition state is rather conserved [4]. Simi-
larly for the bacterial immunity proteins Im9 and Im7, which
appear to fold by two-state or three-state mechanisms [5],
the late transition state ensembles of the two proteins have
similar properties [6].
It has been shown previously that several proteins, including
small single domain proteins, may accumulate obligatory fold-
ing intermediates [7,8]. Under such circumstances it is interest-
ing to compare the structural properties of intermediate states,
as well as the intervening transition states, when the amino
acid sequence is varied but the three-dimensional structure is
relatively unchanged [9]. In this study we have analysed and
compared the kinetic folding mechanisms of four related but
distinct postsynaptic density protein-95, disc-large tumor sup-
pressor protein, zonula occludens-1 (PDZ) domains together
with one previously published [10,11]. All the proteins consid-
ered display the canonical PDZ fold [12]. Pairwise compari-
sons between the sequences of the PDZ domains give 25–
50% identity but only 12 residues are conserved among all ﬁve
domains (Fig. 1). We found that, despite this low identity and
an apparent folding complexity, the folding reactions for PDZ
domains can be explained by a model with an intermediate and
two transition states that are rather conserved with regard to
their positions along the folding reaction coordinate.2. Materials and methods
2.1. PDZ constructs
The following PDZ domains were expressed as His-tagged proteins
(MHHHHHPRGS-etc): PSD-95 PDZ1 (61–151), PSD-95 PDZ2 (155–
249), and PSD-95 PDZ3 (309–401) (numbers in parenthesis refer to
residue numbers in the parental human full-length PSD-95a without
exon 4b, i.e. the same numbering as used in Doyle et al. [12] and To-
chio et al. [13]). The PSD-95 PDZ domains will be referred to as PDZ1,
PDZ2 and PDZ3, respectively. The pdb codes for the solved structures
of these three PDZ domains are: PDZ1, 1IUO [14] (the numbering in
the pdb ﬁle is 1–91), PDZ2, 1QLC [13], and PDZ3, 1BE9 and 1BFE
[12]. For human neuronal nitric oxide synthase (nNOS) PDZ, a con-
struct expressing residues 1–132 of nNOS was used (pdb codes:
1QAU [15] and 1B8Q [16]). The typical PDZ domain consists of six
b-strands, bA–bF and two a-helices, aA and aB [12–16]. For each of
the PDZ domains a Trp residue was introduced as a ﬂuorescent probe
[10,17–19] for the folding studies: PDZ1 F95W; PDZ2 Y190W, and
PDZ3 F337W. These three Trps were situated in the bC strand of
the respective PDZ domain, in the corresponding position to that used
before in folding studies of PTP-BL PDZ2 [10,11] and PDZ3 [17]. The
corresponding mutant of nNOS PDZ, I42W (numbering according to
full-length nNOS, used in Hillier et al. [15]), precipitated easily andblished by Elsevier B.V. All rights reserved.
Fig. 1. Sequence comparison of the ﬁve PDZ domains included in the study. All constructs also contained the His tag MHHHHHPRGS at the N-
terminus, except PTP-BL PDZ2 which started with MHHHHHHM. The residues in bold were mutated to Trp to obtain a ﬂuorescent label for the
folding studies. Identical conserved residues are denoted by a star, *. See Section 2 for details on the numbering.
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the nNOS PDZ contained two additional strands in the C-terminus as
compared to PDZ1, 2 and 3. The reason was that the shorter nNOS
PDZ 1–99 construct expressed poorly and was also precipitating easily.
2.2. Protein puriﬁcation
The cDNAs encoding PDZ1, PDZ2, PDZ3 and nNOS PDZ were
cloned into the BamH1 and EcoR1 restriction sites of a modiﬁed
pRSET vector (Invitrogen), resulting in clones expressing His-tagged
PDZ domain. Protein expression and puriﬁcation were as described
[18,20] but the ﬁnal puriﬁcation step was diﬀerent for PDZ2 and nNOS
PDZ after nickel (II)-charged chelating sepharose column chromatog-
raphy: A concentrated sample of nNOS PDZ was passed through a Q-
Sepharose column equilibrated with 50 mM Tris–HCl pH 8.5 and the
unbound fraction contained pure nNOS PDZ. For PDZ2 the most
concentrated samples after the nickel column were pooled together
and loaded on a Superdex-75 (GE healthcare) gel ﬁltration column
equilibrated with 20 mM Tris–HCl pH 7.5. Fractions containing pure
PDZ as judged from SDS–PAGE were pooled. MALDI-TOF mass
spectrometry was used to conﬁrm the identity of the puriﬁed PDZ do-
mains and their concentrations were determined from extinction coef-
ﬁcients calculated from amino acid analysis or standard values of the
amino acid residues [21].
2.3. Stopped-ﬂow spectroscopy
Kinetic folding and unfolding rate constants were measured on
SX17 and SX18 stopped-ﬂow spectrometers from Applied Photophys-
ics (Leatherhead, UK). PDZ domain in buﬀer with or without urea
was mixed to ﬁnal concentrations of 2–3 lMwith buﬀer-urea solutions
to induce either refolding or unfolding of the protein. Excitation was at
280 nm and the change in Trp emission with time was recorded either
above 320 nm using a cut-oﬀ ﬁlter or around 330 nm using an interfer-
ence emission ﬁlter.2.4. Data analysis
The kinetic data were analyzed assuming a linear dependence of the
logarithm of the rate constants on urea concentration [22]. The linear
version of the equations arekf ¼ kH2Of expðmD-z½urea=RT Þ ð1Þ
ku ¼ kH2Ou expðmz-N½urea=RT Þ ð2Þ
mD- and m-N are the respective slopes of the dependence of log kf and
log ku on [urea]. The equation describing a two-state mechanism is the
sum of Eqs. (1) and (2). When there was a change in rate-limiting step
in either the refolding or unfolding arm the data were analyzed accord-
ing to a three-state model and the sum of Eqs. (2) and (3) (refolding) or
Eqs. (1) and (4) (unfolding) were used [23].
kf ¼ kH2Of expðmD-z½urea=RT Þ  1=f1þ Kp expðmp½urea=RT Þg ð3Þ
ku ¼ kH2Ou expðmz1-N½urea=RT Þ  1=f1þ Kp expðmp½urea=RT Þg ð4Þ
In Eq. (3), Kp is the equilibrium (or partitioning) constant between the
denatured and intermediate populations and mp the associated m va-
lue. In the case of Eq. (4), Kp is the partitioning constant between
the two transition states and mp the associated m value.
Global ﬁt of folding kinetics to common bT values was performed
assuming:
bT1 ¼ mD-z1=mD-N ð5Þ
bT2 ¼ mD-z2=mD-N ¼ 1 ðmz1-N  mpÞ=mD-N ð6Þ
Data were analyzed with Kaleidagraph (Synergy Software) and Prism
(GraphPad Software, Inc.).3. Results
3.1. Stability of PDZ constructs
His-tagged versions of the following PDZ domains were ex-
pressed and puriﬁed as described in Section 2: PDZ1, PDZ2
and PDZ3 from PSD-95, and nNOS PDZ. All four PDZ do-
mains were folded as judged by far-UV circular dichroism
measurements (not shown) and ﬂuorescence-monitored dena-
turation (Fig. 2). Equilibrium denaturation experiments were
performed in 50 mM potassium phosphate pH 7.45 by increas-
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Fig. 2. Equilibrium denaturation of PSD-95 PDZ domains at pH 7.4
and nNOS PDZ at pH 4.0. Data were ﬁtted to the equation describing
solvent denaturation of a two state system (solid line) [22]. See Table 1
for ﬁtted parameters.
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Fig. 3. Observed rate constants for folding of PSD-95 PDZ domains
versus [urea] (chevron plots), at pH 7.4 in 50 mM KPi. Data were ﬁtted
to a two state model (solid lines, cf Eqs. (1) and (2)). See Table 1 for
ﬁtted parameters.
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and record the ﬂuorescence at 340 nm upon excitation at
280 nm. The data were ﬁt to the general equation for solvent
denaturation of a two-state protein [22] to generate equilib-
rium constants for denaturation (Table 1).
3.2. Folding of PDZ domains
We measured the refolding and unfolding rate constants for
PDZ1, 2 and 3 at diﬀerent urea concentrations, in 50 mM
potassium phosphate, pH 7.45 (so-called chevron plots,
Fig. 3, Table 1). Experimental kinetic traces were satisfactorily
described by single exponential kinetics for all PDZ domains.
Whilst application of the two-state assumption (Eqs. (1) and
(2)) yielded good ﬁts to data for PDZ1 and 3, in the case of
PDZ2 there was a minor deviation of the unfolding rate con-
stants from linearity, as mirrored by analysis of curve ﬁt resid-
uals (data not shown). Folding and unfolding rate constants
for nNOS PDZ were diﬃcult to collect at neutral pH due to
low kobs values. Previous experiments [10] suggested that two
diﬀerent transition states are rate limiting under diﬀerent con-
ditions for PTP-BL PDZ2. To investigate whether this behav-
iour is generic for PDZ domains we subjected PDZ1, 2, 3 and
nNOS PDZ to denaturant-induced folding experiments under
various stabilising (addition of sulfate) or destabilising (lowTable 1
Equilibrium (Fig. 2) and kinetic (Fig. 3) data for PDZ domains at pH 7.4
PDZ Equilibrium
mD-N (kcal mol
1 M1) [Urea]50% (M) DG
PSD-95 PDZ1 1.42 ± 0.08 3.31 ± 0.03 4.7
PSD-95 PDZ2 1.05 ± 0.05 2.89 ± 0.04 3.0
PSD-95 PDZ3 1.02 ± 0.07 5.36 ± 0.06 5.5
nNOS PDZa 1.8 ± 0.5 3.0 ± 0.1 5.4
PTP-BL PDZ2b 1.2 ±0.1 2.9
Fitting errors are shown.
aThe experiment was performed at pH 4.0. See Table 2 for kinetic mD-N and
bData from Gianni et al. [10], pH 7.2.pH) conditions. Our results are summarized in Fig. 4 and they
demonstrate that the folding experiments can be conducted un-
der conditions such that all PDZ domains display kinetics
characteristic of a three-state mechanism, where transition
state 1 (TS1) is rate limiting at lower urea and TS2 at higher
urea concentrations. Clear deviations from linearity were de-
tected in the unfolding arm for PDZ1, 2 and 3, and in the
refolding arm for nNOS PDZ. For PDZ1, the change in ﬂuo-
rescence signal upon denaturation disappeared at low pH and
the more powerful guanidine HCl was used as denaturant to
expose the curvature of the unfolding arm (Fig. 4). Experi-
ments on PDZ1 at 40 C with urea gave a similar result (not
shown).
Observed rate constants for PDZ1, 2, 3, and PTP-BL PDZ2
were ﬁtted simultaneously to the sum of Eqs. (1) and (4), and
nNOS PDZ to the sum of Eqs. (2) and (3), where the kinetic m
values were replaced by functions of bT1, bT2 and mD-N (cf.
Eqs. (5) and (6) (Fig. 4). The position of the two transition
states (bT1 and bT2) were shared among the data sets. The data
for PDZ1, 2, 3, and PTP-BL PDZ2 were all well described by
the two bT values 0.66 and 0.93 suggesting that even the posi-
tions of the transition states may be conserved in the folding
reaction of most PDZ domains. It should also be noted that
global ﬁt of data for all ﬁve PDZ domains gives a reasonable
ﬁt with bT values of 0.3 and 0.8 for TS1 and TS2, respectively,Kinetics
H2O
D-N ðkcal mol1Þ mD-N (kcal mol1 M1) [Urea]50% (M)
± 0.2 1.34 ± 0.02 3.09 ± 0.03
± 0.2 1.19 ± 0.01 2.66 ± 0.02
± 0.4 1.11 ± 0.01 5.35 ± 0.01
± 1.5
± 0.2
[Urea]50% values.
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Fig. 4. Chevron plots of ﬁve PDZ domains under conditions that
reveal changes in rate-limiting step. PDZ1, 50 mM KPi, pH 7.4 with
guanidine HCl as denaturant; PDZ2, 50 mM K-acetate, pH 5.45;
PDZ3, 100 mM K-formate, pH 2.85; nNOS PDZ, 50 mM K-formate,
pH 4.0; PTP-BL PDZ2, 50 mM NaPi, pH 7.2. All experiments were
performed at 25C. The data for PDZ1, 2, 3 and PTP-BL PDZ2 were
ﬁt simultaneously to a common set of bT values (bT1 = 0.66 ± 0.01 and
bT2 = 0.93 ± 0.04, ﬁtting errors). See Table 2 for ﬁts to individual data
sets.
Table 2
Kinetic parameters for the folding of PDZ domains in Fig. 3 (see ﬁgure lege
PDZ kf (s
1) ku1 (s
1) bT1
PSD-95 PDZ1a 3.5 ± 0.1 (6.8 ± 0.7) · 104 0.66 ± 0.01
PSD-95 PDZ2 1.4 ± 0.1 (1.4 ± 0.5) · 103 0.51 ± 0.03
PSD-95 PDZ3 14 ± 0.3 0.75 ± 0.01 0.53 ± 0.01
nNOS PDZ 6.3 ± 0.9 (16 ± 3) · 103 0.21 ± 0.01
PTP-BL PDZ2b 2.8 0.020 0.53
Fitting errors are shown.
aGuanidine–HCl was used as denaturant.
bData from Gianni et al. [10], pH 7.2. bT values and mD-N for PTP-BL PDZ2
cVery large error due to long extrapolation of the second folding rate consta
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Fig. 5. Energy diagram for the folding reactions of PDZ domains at low (l
protein folding are related to the compactness of the molecules [25] and th
progress of the folding reaction along the reaction coordinate.
1112 C.N. Chi et al. / FEBS Letters 581 (2007) 1109–1113showing that a large range of bT1 that can describe the data
accurately. bT values for ﬁtting of individual data sets are given
in Table 2. It is clear that the exact position of TS1 may diﬀer
among the PDZ domains (0.21–0.66) whereas the position of
TS2 is very conserved (0.81–0.88).
4. Discussion
An increasing number of studies have shown that, despite
the inherent complexity of the protein folding reaction, the
denatured chain folds to its native conformation in a surpris-
ingly simple way, often without detectable intermediates [24].
Identiﬁcation of the minimal kinetic mechanism describing
the folding of a protein is a crucial task in addressing the
molecular details of the folding reaction. In this work we com-
pared the folding mechanism of ﬁve members of the PDZ do-
main family. A comparison of their sequences shows that the
sequence identity among all ﬁve domains is approximately
13% (Fig. 1). Despite the low identity, observed folding kinet-
ics are consistent with a three-state model with two transition
states and an intermediate, where the ﬁrst transition state TS1
is rate limiting in water for all PDZ domains tested, and the
native-like TS2 becomes rate limiting at diﬀerent denaturant
concentrations for the diﬀerent PDZ domains (resulting in
an unfolding or refolding roll over). Furthermore, the unfold-
ing/refolding amplitudes show no indication of any additional
ultra-fast burst phases undetectable for a stopped ﬂow appara-nd for experimental conditions)
bT2 mD-N (kcal mol
1 M1) DGH2OD-N ðkcal mol1Þ
0.84 ± 0.01 3.16 ± 0.03 5.05 ± 0.06
0.81 ± 0.02 1.36 ± 0.06 4.1 ± 0.2
0.87 ± 0.01 1.41 ± 0.02 3.54 ± 0.06
0.88 ± 0.01 1.96 ± 0.09 6.7c
0.89 1.34 2.9
were from a global ﬁt of 10 chevrons measured at diﬀerent pH values.
nt.
D
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eft panel) and high (right panel) urea concentration. The m values for
eir ratios (e.g. mD-1/mD-N = bT1) can therefore be used to deﬁne the
C.N. Chi et al. / FEBS Letters 581 (2007) 1109–1113 1113tus, suggesting that the intermediate is a high energy species
(Fig. 5). Remarkably, the positions of the two transition states
along the reaction coordinate change little within the family as
shown by the global ﬁt of folding data with shared bT values.
This similarity is reﬂected in the m-values, i.e. the slopes of the
observed rate constants versus [denaturant] as seen in Fig. 4.
The position of TS2 is particularly conserved whereas TS1 ap-
pears more malleable in terms of compactness. The lower bT
for TS1 for nNOS PDZ may be partly due to the higher
mD-N value of nNOS PDZ (Tables 1 and 2) which would give
a lower bT1 if the extra two strands in the C-terminal extension
are not folded in TS1 (cf Fig. 1).
The folding pathway of PDZ3 from PSD-95 has been stud-
ied recently by native hydrogen exchange [17]. Quantitative
analysis of exchange kinetics revealed the presence of an inter-
mediate in PDZ3 folding. The authors proposed that the struc-
ture of the folding intermediate resembles that of the native
PDZ fold, except for the N- and C-terminal regions which
are unfolded. Importantly, the intermediate detected by Bai
and co-workers involves strands that are C-terminal to the
canonical PDZ domain and not present in our PDZ con-
structs. In conclusion, the high energy intermediate identiﬁed
here is common to all the PDZ domains considered in this
work and it may be a generic species in the folding of PDZ do-
mains. Our data thus support the notion that topology governs
folding mechanism. The major diﬀerence in the folding path-
way between members of the same family simply lies in the rel-
ative stability, and perhaps structure, of the intermediate
species and the intervening transition states, which may thus
result in apparently diﬀerent kinetic behavior.
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